Abstract
Introduction
9DULRXV SDUWV RI *UHHFH KDYH EHHQ VXEMHFWHG during the years to a number of damaging HDUWKTXDNHV *((5 3DSD]DFKRV HW DO 0DQRV 2QH RI WKH PRVW GHPDQGLQJ WDVNV for counteracting the consequences of relatively intense seismic events is the effort to ensure the VWUXFWXUDO LQWHJULW\ RI ³ROG´ FKXUFKHV WKDW XVXDOO\
VXVWDLQ FRQVLGHUDEOH GDPDJH 7KHUH DUH WZR GLVWLQFW VWUXFWXUDO V\VWHPV WKDW WKHVH ³ROG´ FKXUFKHV XVXDOO\ EHORQJ WR 7KH ³%DVLOLFD´ DUFKLWHFWXUDO IRUP LV VKRZQ LQ ¿JXUHV D DQG E ZKHUHDV WKH VR FDOOHG ³FUXFL¿[ IRUP ZLWK D FHQWUDO GRPH´ DUFKLWHFWXUDO IRUP LV VKRZQ LQ ¿JXUHV D DQG E
The seismic performance of a considerable QXPEHU RI VXFK ³ROG´ &KULVWLDQ FKXUFK VWUXFWXUDO systems has been studied by Manos et al. (2008 Manos et al. ( , 2009 Manos et al. ( , 2010 Manos et al. ( (1,2), 2011 Manos et al. ( , 2013 Manos et al. ( (1,2), 2012 Manos et al. ( , 2014 Manos et al. ( , 2015 (1,2,3)) utilizing a variety of numerical simulations as presented in section 2. In some FDVHV WKH IRXQGDWLRQ ZDV FRQVLGHUHG WR EH QRQ GHIRUPDEOH KRZHYHU WKLV LV D JURVV DSSUR[LPDWLRQ as in most cases these churches are founded on deformable soil. In some instances it is evident WKDW WKH VRLOIRXQGDWLRQ GHIRUPDELOLW\ DPSOL¿HG WKH structural damage (Manos et al. 2013 (1), 2014, &RQVHTXHQWO\ WKH QXPHULFDO VLPXODWLRQ WULHV WR LQFOXGH LQ D VLPSOH ZD\ WKH HIIHFW RI WKH VRLO foundation deformability, as presented in section 3. 7KH PDLQ REMHFWLYH RI DOO WKHVH QXPHULFDO VLPXODWLRQV is to obtain realistic estimates of the demands (S d ) that a particular load combination poses on various types of stone masonry elements. This is needed in order to be able to monitor the ability of the various stone masonry structural elements to exhibit (or not) 
Linear-elastic numerical analyses:
The numerical model simulating the structural system of WKH ³ROG´ VWRQH PDVRQU\ FKXUFKHV LV VXEMHFWHG ¿UVW WR the gravitational forces and then to the earthquake actions. The latter can be applied in various different ZD\V GHSHQGLQJ RQ WKH FKRLFH RI PHWKRG RI DQDO\VHV Initially, a linear-elastic behaviour is assumed for the various stone masonry parts and their connections. A direct consequence is that the results from the earthquake actions can be super-imposed on the results from the gravitational forces. Despite the IDFW WKDW WKLV DVVXPSWLRQ LV D VLPSOL¿FDWLRQ RI WKH behaviour of stone masonry structures under seismic loading, it has the great advantage of simplicity that leads to numerical solutions for seismic type loads ZLWKLQ UHDOLVWLF OLPLWV RI FRPSXWHU PHPRU\ DQG WLPH Moreover, it also has the advantage of producing various deformation patterns and corresponding state-of-stress for all structural elements that can EH HDVLO\ XQGHUVWRRG ZKHQ OLQNHG ZLWK WKH H[SHFWHG transfer of loads even if they are a product of this EDVLF VLPSOL¿FDWLRQ RI OLQHDUHODVWLF EHKDYLRXU 2QH popular method of analysis for earthquake actions is the dynamic spectral method ZKHUHE\ WKH DPSOLWXGH of the seismic forces is based on accepted design RU VLWHGH¿QHG VSHFWUDO FXUYHV $ ¿UVW FKHFN RI WKH numerical analyses results involves a thorough study of the resulting dynamic eigen-modes of YLEUDWLRQ ZLWK WKHLU FRUUHVSRQGLQJ HLJHQIUHTXHQFLHV and participation mass-ratios (Manos et al., 2008 (Manos et al., , 2009 (Manos et al., , 2010 (Manos et al., (1,2), 2011 (Manos et al., , 2013 (Manos et al., (1,2), 2012 (Manos et al., , 2014 (Manos et al., , 2015 
Non-linear numerical analyses:
The same ¿QLWH HOHPHQW UHSUHVHQWDWLRQ WKDW ZDV XVHG IRU WKH linear elastic analyses of the stone-masonry churches can also be employed for the non-linear numerical DQDO\VHV +RZHYHU WKLV GHSHQGV XSRQ WKH QRQ linear analyses options that are incorporated in the VRIWZDUH WR EH XWLOL]HG 5DPDOKR HW DO 7KXV 0DQRV HW DO HPSOR\HG VKHOO ¿QLWH HOHPHQWV DV GHVFULEHG LQ 7KHQ WKH /86$6 VRIWZDUH SDFNDJH ZDV XVHG WR SHUIRUP QRQOLQHDU DQDO\VHV of the church of Agia Triada for seismic type loading, HPSOR\LQJ WKUHH DOWHUQDWLYH PRGL¿HG 9RQ0LVVHV failure envelopes in a non-linear, step-by-step incremental analysis (see also section 5). Betti and Vignoli (Betti & Vignoli, 2008) 3) ).
Expected seismic performance on the basis of the linear analyses demands
The Next, certain commonly used masonry failure criteria can be adopted for either in-plane tension/ compression or shear/compression or out-of-plane tension. All the masonry parts are examined in terms of the obtained in-plane and out-of-plane stress demands (S d ) against the corresponding normal and shear stress capacities (R d ,Q GH¿QLQJ WKHVH capacities, use can be made of existing guidelines for the design of contemporary masonry structures HJ (XURFRGH RU H[SHULPHQWDO GDWD ZKLFK FDQ be substantiated as bearing some resemblance to the stone masonry structural elements at hand (Eurocode 6). Table 1 lists the assumed mechanical characteristics for the stone masonry of the church of +RO\ 7ULQLW\ $JLD 7ULDGD DW 9LWKRV ± 9RLR ± .R]DQL ± Greece (Manos et al., 2014 (Manos et al., , 2015 ). Moreover, D 0RKU&RXORPE IDLOXUH HQYHORSH ZDV DGRSWHG IRU the in-plane shear limit state of the stone masonry, ZKHQ D ı n normal stress is acting simultaneously ZLWK D VKHDU VWUHVV GHPDQG 7KLV LV GH¿QHG WKURXJK the equation 1 (Eurocode 6). 
In-plane bearing capacity against sliding WRJHWKHU ZLWK WKH ÀH[XUDO FDSDFLW\
For this purpose use could be made of the SURYLVLRQV RI (XURFRGH )RU WKH PDVRQU\ SLHU ZKLFK is studied here the shear strength of the masonry (f vk LV WKH PLQLPXP YDOXH RI WKH IROORZLQJ f vk = f vk0 + 0.4 ı n (Eq. 1 stated before) ZKHUH ı n is the value of the average normal stress, f vk0 the shear strength of the masonry for zero QRUPDO VWUHVV WKDW LV VSHFL¿HG E\ WKH SURYLVLRQV RI Eurocode 6.
ZKHUH f b is the compressive strength of the masonry unit. 
FRGH KRZHYHU SURYLVLRQV IURP RWKHU FRGHV FDQ EH HDVLO\ LQFRUSRUDWHG 7RJHWKHU ZLWK WKH QRUPDO VWUHVV distribution, the length of the compressive zone (l c ) LV DOVR FDOFXODWHG DV ZHOO DV WKH YDOXH RI WKH DYHUDJH normal stress (ı n ZKLFK LV DVVXPHG WR DFW LQ WKLV FRPSUHVVLYH ]RQH DV GHSLFWHG LQ ¿JXUHV D WR G
Use is made of both the compressive zone length and the average normal stress value for calculating next the masonry shear capacity against sliding (see equations 1, 3 and 4).
In-plane bearing capacity of a masonry pier against diagonal tension
7KLV LV GRQH EDVHG RQ WKH IROORZLQJ IRUPXOD (Eq. 5) given by Bernardini et al (1980) by Turnsek DQG &DFRYLF DQG E\ 7RPD]HYLF ,W LV assumed that the tensile strength of the masonry ı t = f xk1 depends on the maximum average shear stress of a horizontal section of the masonry pier and on the average compressive stress ı d = N / A WKDW GHYHORSV DW WKH VDPH ORFDWLRQ ZKHUH A is the area of this section and N the compressive load.
Where b represents the shear stress distribution IDFWRU ZKLFK LV UHODWHG WR WKH VWUHVV GLVWULEXWLRQ RQ WKH VHFWLRQ DQG WKH VOHQGHUQHVV UDWLR RI WKH ZDOO ,W can be assumed that b = h / l ZKHUH h is the height and l is the length of the pier. In this case b = 1.5 is the upper limit value and b LV WKH ORZHU OLPLW value. From the above relationship the value of can be obtained based on the values of ı t = f xk1 and ı d :
The formulas and procedures described in 4.1. and 4.2 are incorporated in an expert system that can predict the bearing capacity of a given pier and the expected mode of failure of a given stone masonry pier (Manos et al., 2015(1) ). 
Expected seismic performance on the basis of non-linear numerical simulations
As already mentioned, non-linear inelastic ³SXVKRYHU´ W\SHV RI QXPHULFDO DQDO\VHV ZHUH DOVR SHUIRUPHG ZKHUHE\ VWRQH PDVRQU\ VWUXFWXUHV DQG VSHFLPHQV DUH VXEMHFWHG ¿UVW WR WKH SHUPDQHQW vertical loads and then the seismic horizontal forces (Manos et al., 2008 (Manos et al., , 2015 (1,2)), Vintzileou, 2008) . In ZKDW IROORZV WKH QXPHULFDO QRQOLQHDU VWHSE\VWHS DSSURDFK ZLOO EH DSSOLHG WR VLPSOH VWRQH PDVRQU\ VSHFLPHQV WKDW KDYH EHHQ VXEMHFWHG LQ WKH ODERUDWRU\ to certain load combinations that resulted in a state of in-plane stress distribution resembling the state RI VWUHVV RI YHUWLFDO VWRQH PDVRQU\ SLHUV VXEMHFWHG to stress resultants from the combined gravitational and seismic forces.
Numerical simulation of the behaviour of a "short" pier stone masonry specimen
$ QXPEHU RI ³VKRUW´ VWRQH PDVRQU\ VSHFLPHQV ZLWK GLPHQVLRQV PP E\ PP LQ SODQ DQG P LQ KHLJKW ZHUH EXLOW DW WKH ODERUDWRU\ RI 6WUHQJWK of Materials and Structures of Aristotle University using lime mortar and natural stones (Manos et al., 2015(2,3) The obtained numerical against the measured behaviour of this specimen, in terms of shear stress (Ĳ) versus shear strain (Ȗ LV SORWWHG LQ ¿JXUH $V FDQ EH VHHQ WKH DJUHHPHQW EHWZHHQ WKH QRQOLQHDU numerical predictions and the observed behaviour, in terms of ĲȖ plots, is reasonably good (Manos et al., 2015(1) 5.2. Numerical simulation of a "square" stone masonry pier specimen with simultaneous com. pression and horizontal load $ VWRQH PDVRQU\ DOPRVW ³VTXDUH´ SLHU LV examined next having a length equal to l=1500 mm, a height equal to h=1400 mm and a thickness equal to t= 500 mm, thus a length over height ratio (l/h) equal to. 
